The aerosol gas deposition method (AGD) is a low-temperature method. No heating occurs during the AGD process when forming the AGD films. Nevertheless, ceramic films can be synthesized at room temperature directly from the source ceramic powders. In this paper, we report that the high-temperature phase of zirconia was found in zirconia films synthesized by AGD and that a light emission phenomenon was observed at the deposition site. The generation of the high-temperature phase was dependent on the mean diameter of the source ceramic powders. Both a small powder of less than two or three microns in diameter and large powder particles of more than 10 microns in diameter have the low possibility of generating the high-temperature phase when compared to that of 7-micron diameter powder. The appearance of the high-temperature phase and the light emission might be related to the formation mechanism of the AGD film at ambient temperature.
Introduction
The aerosol gas deposition method is considered to be a totally low-temperature process. 1)7) Even at room temperature, a ceramic powder can be solidified and form a thin film. From a thermodynamic point of view, these phenomena are difficult to understand. People have tried to clarify the consolidation mechanism of the AGD films. 3),4) However, no clear explanation of the mechanism has been offered until now. What is known follows. The configurations (for instance, size, specific surface, dryness, etc.) of the source ceramic powder significantly determines whether thin ceramic films can be successfully synthesized from the source powder. As a result, some preliminary treatments, such as milling and drying of commercially obtained powders, are suggested before synthesizing the AGD films. From SEM and TEM observations, it is known that the synthesized films are composed of fine particles of less than one-fifth to one-hundredth of the diameter of the source powders. The question is how the crushed powder is related to the sintering of the source powder. Part of the kinetic energy of the ejected powder from a nozzle should be consumed during crushing of the starting powder, and the total energy itself is not sufficient to cause the powder to sinter for ceramic film formation on a substrate. The temperature change of the substrate was only 2 or 3 degrees Centigrade according to the thermocouple measurement. Consequently, it was obvious that we should find another driving force to consolidate the ceramic powders at room temperature.
Under these circumstances, we tried to synthesize AGD films with the powders that were considered to be difficult to form AGD films. We selected zirconia powder because of its high potential for industrial use. If we can determine the reason why zirconia is difficult to use in making films by AGD, we might acquire some understanding about the AGD film formation mechanism. We have published two papers on zirconia film formation. 8), 9) In these two papers, we reported that an AGD film using zirconia could be synthesized when we used powders having a mean diameter in the micron range (0.73 to 10.2¯m) and the special specific surface areas were from 1.5 to 6.1 m 2 /g. These diameters were one order greater than those shown in the past papers. 3)7) We also observed new phenomena involving the high-temperature phase of zirconia present in the XRD data of the obtained AGD films and stable luminescent characteristics at the impact site of the ejected powder on a substrate. In this paper, we discuss the high-temperature phase of zirconia correlated to the size of the source powder and light emission from the deposition site of the zirconia.
Experimental procedure 2.1 Materials used
Commercially available zirconia powders (Daiichi Kigenso Kagaku Kogyo Co., Ltd.) were used as the starting powders, the same as in our past studies. Table 1 shows the five powders made by a dry method and one powder made by a wet method. The powders labeled TMZ-T to BR-12QZ were made by the dry method and SPZ was from the wet method. Their particle sizes were in the range of 0.73 to 10.2¯m and their specific surface areas ranged from 1.5 to 6.1 m 2 /g.
Experimental procedure
The AGD setup used in this study was very similar to the old introduced in the previous papers. 8), 9) Figure 1 is a schematic diagram of the AGD apparatus, which is composed of an aerosol container, a deposition chamber, and transfer tubing. The chamber is first evacuated, then nitrogen gas is introduced into the chamber. The gas is then pumped to the deposition chamber through the transfer tubing. The zirconia powder encased in the aerosol container is entrained by the supply gas and ejected out of the nozzle and into the deposition chamber. The experimental conditions were completely the same as in the previous studies. Each powder was heat-treated at 773 K for 1 h before its use. The nozzle had a width of 30 mm and a 0.3-mm-wide slit. Glass plates used as the substrates were 70 mm (length) © 50 mm (width) © 1 mm (thickness). The pressure of the aerosol container was varied from 22 to 42 kPa (differential pressure). The nitrogen gas flow was from 4 to 16 L/min during the film formation procedure. Scanning was performed from 50 to 1000 times along the X direction to obtain the final film. The entire deposition process was carried out at room temperature.
XRD and SEM were used for characterization of the AGD films. A compact digital video camera was also used to observe the deposition progress at the deposition site on the glass substrate. All the deposited films were found to be composed of a mono-clinic structure and a high-temperature phase with a tetragonal structure and a cubic one, although all the starting powders do not contain any high temperature phases. Figure 3 shows their Raman spectra. In the spectra, a monoclinic structure and a tetragonal structure can be identified. However, the cubic structure cannot be identified. Therefore, the diffraction peaks from the high temperature phase will be those of the tetragonal structure. Figure 2(d) shows the XRD data for the starting powder and the AGD film made from the BR-QZ powder. In the XRD micrographs of the BR-QZ AGD films, the (101) peak of the tetragonal structure is clearly observed and both their (002) and (110) peaks seem to overlap the peaks of the monoclinic structure. The AGD films contain the tetragonal phase as if they were heated at more than about one thousand degrees Centigrade, then rapidly quenched.
Results and discussion

XRD micrographs
The amount of the tetragonal structure in the AGD films seems to depend on the starting powders. Figure 4 shows the result of a quantitative analysis of the BR-QZ using the Rigaku's PDXL software. Table 2 shows the ratio of the strongest peak of the tetragonal structure and the monoclinic structure of the AGD films made from the 6 starting powders. The BR-QZ powder contains the highest amount of the tetragonal structure, while the TMZ-T one has the lowest amount of the tetragonal structure. Figure 5 shows the relation between the tetragonal-to-monoclinic structure ratio and the mean diameter of the starting powders. Why can BR-QZ generate the highest amount of the tetragonal structure?
We will discuss about this question later.
Another observation from the XRD data is that the strongest diffraction peak in the XRD of the monoclinic structure, (111), for all the starting powders, was the second peak in the XRD of the AGD films. This means that the AGD films have some Figure 6 shows the SEM micrographs of the AGD films.
We observed several ten to several hundred nanometer-size particles in each film. Because the particle size is significantly smaller than the size of the starting powders, we can conclude that the ejected powders were crushed and deposited on the substrate thus generating the texture. The texture structure of the AGD films might be formed by the alignment of the zirconia cleavage plane nearly parallel to the substrate surface. That is, the texture structure is considered to be induced by the new arrangement of the plane which is the cleavage plane. Additionally, concerning the tetragonal phase particles, we cannot identify them in the SEM micrographs. According to the previous papers, 10)15) the appearance of the tetragonal phase was observed in the particles with less than about a 30 nm diameter. We could not see nearly the same size particles in every SEM micrograph of the AGD films, therefore, the tetragonal phase particles might be much smaller than the particles observed in the micrographs. JCS-Japan Fig. 5 . Relation between the tetragonal-to-monoclinic structure ratio and the mean diameter of the starting powders. 
Light emission form the deposition sites of the powders
During the AGD process, we often observed a static electrical spark from the edge of the nozzle to the inner chamber wall, especially at the symmetrical sites of the chamber wall from the nozzle position, that is, the front and the back sides from the nozzle top. Figure 7 shows a signature pattern of electrical discharge phenomena on the inner chamber wall. The electrical charge is induced from the friction between the inner wall of the tubing and/or the nozzle and the source powder, and is transferred to the source powder, the tubing and the nozzle. A part of the charge transferred to the powder will be given to nitrogen molecules by collisions between the powder and nitrogen molecules. We consider that the pattern signature of the electrical discharge shown in Fig. 7 is related to the charge given to nitrogen gases. As a result, almost all the ejected powders, except for the neutral particles, will take on a positive charge. The amount of the positive charge induced on the ejected powders may depend on the powder size distribution and moisture level on the powder surface. However, the most influential factor for the charge amount might be the triboelectric series.
We found a weak light emission from the deposition site of the ejected powder on the substrate. Figure 8 shows the configuration of the nozzle and substrate and the appearance of the light emission. The light was difficult to visually see, although it was easily observed by a digital video recorder and the light sometimes had a pink color. The light emission was always seen at the deposition site of the ejected powders on the substrate, and the light emitted in a direction vertical to the substrate changed with the direction along the particle flow direction. Even if the substrate was moved in a different direction, the light emission site stayed at the same position. This light emission phenomenon is related to the powder types, the size distribution and plasma generation at the deposition site or area. The generation of plasma during the fracture of materials has been well studied. 16)20) When some materials were fractured, fractoelectrons were emitted. The amount of the fractoelectrons depended on the materials. According to K. Yasuda et al., 19) MgO, Al 2 O 3 , Si 3 N 4 , ZrO 2 and soda lime glass formed fractoelectrons in decreasing order when they are fractured. During the AGD process, fractoelectrons and/or triboelectrons will be generated at the deposition site and the electrons will be accelerated by the positively charged powders falling from the nozzle. In order to generate the plasma, a certain amount of electrons might be needed. Since fractoelectrons come from fracture surfaces, the amount of the emitted electrons depends on the particle size and particle configuration as well as the particle types. In our former studies, 8), 9) we could not produce fine AGD films using powders with a high specific surface and/or more than 10-micron diameter. The results are considered to come from the decrease in the fracture surface compared to the powders thus realizing a good performance of the AGD film formation. The electrons will collide with the ambient gases which are nitrogen molecules, and form the nitrogen plasma. The light emission phenomena might be related to the nitrogen plasma. The positively charged powder and fractoelectron may play an important role in inducing the ceramic sintering during the AGD process. Even if a high voltage field does not exist, the possibility of generating a plasma still remains. K. Nakayama experimentally showed that a plasma was induced by triboelectrons emitted from a friction surface. 21)24) If the triboelectrons play an important role in the AGD process, we can also explain why there is a difference among the starting powders used to synthesize the AGD films. The differences among the powders in the AGD synthesis may be explained by a difference in the amount of fractoelectrons and/or triboelectron emitted from the friction or fractured surfaces of the powders. The light Journal of the Ceramic Society of Japan 119 [4] 271-276 2011 emission might have a close relation to the amount of emitted electrons. Unfortunately, we have no apparent experimental evidence for this explanation at the moment. We need more experimental data in order to continue this discussion. We will try to present more experimental data in the future in order to better understand the synthesizing mechanism of the AGD process.
Conclusion
A high temperature phase of zirconia was generated in the AGD films. The amount of the phase depended on the mean diameter of the powder particles. In our sample powders, BR-QZ with a 7.4¯m diameter contained the highest amount of the hightemperature phase compared to the other powders. Light emission was also observed during synthesis of the AGD film. The luminescence will be a key factor in clarifying the AGD film formation mechanism.
